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The Chicago Air Shower Array has imaged the shadows of the Moon and Sun and measured the angu-
lar diameter of the Moon with cosmic rays having energies above about 100 TeV. The shadow of the 
Sun shows effects attributed to the curvature of cosmic rays by the solar magnetic field. This study 
verifies that our direction reconstruction has no serious systematic errors, and provides a measure of the 
angular resolution of the array. 
PACS number(s): 96.40.De, 96.40.Pq, 96.50.Bh 
I. INTRODUCTION 
The Chicago Air Shower Array (CASA) is a large 
ground-based scintillation detector [1-4]. It is located at 
the Dugway Proving Ground is west central Utah, lati-
tude 400N and mean atmospheric depth 870 g/cm2. A 
schematic aerial view of CASA is shown in Fig. 1. Each 
dot represents one scintillation station of the array. The 
scintillator stations, each containing four sheets of 61 
cm X 61 cm X 1.3 cm acrylic, are spaced 15m apart and 
covered by one radiation length of lead. The boundary of 
the array encloses 2.3 X 105 m 2. Shown, but not used 
directly in this study, is a buried muon array consisting of 
2560 m2 of underground scintillation detectors (solid 
boxes), and an array of four Cerenkov telescopes (circles). 
Construction of CASA began in 1989 with the installa-
tion of a prototype 49 station array, and results from this 
prototype have been previously reported [5]. An array of 
529 stations (with the boundary represented by the 
dashed line) was operational by early 1990 and continued 
to take data through commissioning of the complete 1089 
station array in early 1991. The nominal trigger rate of 
the complete array is 25 Hz and, on average, 19 stations 
record data from each triggered event. 
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An important goal of CASA is the search for point 
sources of ultrahigh-energy (energy greater than about 
100 TeV) cosmic rays. These cosmic rays produce exten-
sive air showers in the atmosphere and are detected when 
the axis (the shower "core") of a sufficiently energetic 
shower lands within the boundary of the array. Close to 
the core, particles making up the shower arrive at CASA 
stations in a thin disk. For each shower, the set of time 
differences between adjacent CASA stations determines 
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FIG. 1. Schematic aerial view of the CASA experiment, lo-
cated at latitude 40oN, at a nominal atmospheric depth of 870 
g/cm2. Each dot represents one scintillation station of the ar-
ray. The scintillator stations are spaced 15 m apart. The 
boundary of the array encloses 2.3X 105 m2. The solid boxes 
represent a total of 2560 m2 of underground muon scintillation 
detectors. The circles represent Cerenkov telescopes. The 
dashed line encloses the 529 stations used in this analysis. 
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the shower arrival direction. A point source is inferred 
from an excess of showers arriving from a particular 
direction of the celestial sphere. Because of the finite in-
strument resolution, showers from a point source appear 
to arrive from a finite region of the sky and are therefore 
accompanied by a background of nearly isotropic cosmic 
rays. An accurate determination of both signal and back-
ground from a particular direction therefore requires a 
good understanding of both detector accuracy and pre-
cision. 
An important parameter for these searches is the angu-
lar resolution of the experiment-the better the angular 
resolution, the smaller the required search region around 
a putative source, and thus the lower the background. 
The angular resolution depends on the number of shower 
particles striking the ground (the shower "size"), the dis-
tance of the shower core from the boundary of the array, 
and the zenith angle of the shower axis. 
We have not, so far, observed a significant excess of air 
showers from any selected direction in our searches. 
These negative observations would be strengthened con-
siderably by a demonstration that CASA could indeed 
detect a fiducial source. Unfortunately, no such definitive 
source is apparent at energies above the CASA cosmic 
ray energy threshold near 100 TeV [6]. However, as first 
suggested by Clark in 1957 [7], the cosmic ray anti source 
of the Moon or Sun may be treated as a fiducial object. 
The apparent angular diameter of the Sun and Moon is 
about r, comparable to the characteristic CASA angular 
resolution at large shower size. The shadowing of cosmic 
rays from the direction of the Sun or Moon is therefore 
useful in measuring the CASA angular resolution direct-
ly, without the need to invoke Monte Carlo simulations. 
Observing the expected depth of shadowing also verifies 
the array pointing accuracy and stability. 
CASA is the largest detector of its kind, and the accu-
mulated CASA data set is the largest in the world (and 
growing by nearly 109 events per year). Prior observa-
tions of the Moon and Sun shadow have been made using 
a much smaller data sample [8] or at lower energy [9]. 
Observing the shadow of the Moon and Sun cast in 100 
TeV cosmic rays is an important step in validating our 
present and future results, and refinement of the tech-
nique may eventually give information about primary 
cosmic ray composition and solar magnetic fields. 
Almost all the cosmic rays are charged and therefore 
bend under the influence of solar and terrestrial magnetic 
fields. Particles with smaller total energy or larger elec-
tric charge have lower magnetic rigidity and will bend 
more. Let us consider a cosmic ray proton moving back-
wards along an Earth to Moon trajectory. The transverse 
momentum imparted to the cosmic ray proton by the 
Earth's magnetic field (with equitorial dipole field 
strength 0.5 G at a radius 6.4 X 103 km) is approximately 
tJ.P=5X 1010 eV/c. As examples, a cosmic ray proton 
with energy 100 TeV will therefore deflect in angle by 
5 X 1010 /10 14 =0.03\ and a cosmic ray iron nucleus will 
deflect in angle by 26X 5 X 1010 /10 14=0.70 along the 
Earth to Moon trajectory. This angular deflection is 
negligible for the case of protons with energy near the 
CASA threshold, but for iron is comparable to the CASA 
angular resolution. Now consider a cosmic ray proton 
moving along a trajectory from the center of the Sun 
(with equitorial dipole field 3 G at a radius 700 X 103 km) 
to the center of the Earth. The transverse momentum 
imparted to the proton and angular deflection is 3 X 10 13 
eV /c and 1 rat 100 TeV, and the radius of curvature of a 
cosmic ray iron nucleus is less than one astronomical unit 
(AU). Note that this example should be treated with cau-
tion as a trajectory from the center of the Sun to the 
center of the Earth is unphysical (a more realistic trajec-
tory is one just grazing the photosphere). Also, the solar 
magnetic field is strongly influenced by the solar wind 
and shows large deviations from a pure dipole, especially 
in the epoch when data for this analysis were taken [10]. 
While these effects complicate a quantitative estimate of 
the effects of the solar magnetic field on cosmic rays, we 
do have the qualitative picture of small deflections of cos-
mic rays grazing the Moon, and larger deflections of cos-
mic rays grazing the Sun. 
II. EVENT SELECTION 
The data sample used in this study includes all CASA 
events recorded between March 1990 and April 1991, 
some 420 million events. For most of this time, CASA 
consisted of 529 stations, though later more stations were 
added. The nominal trigger rate grew from 8 Hz in the 
early part of this period to 12 Hz for most of the time, 
eventually reaching 25 Hz when the array was complete. 
The initial rate increase was due to hardware changes in 
the trigger system and reduced detector maintenance 
dead time. The later rate increase was due to increased 
area from additional stations. Note, however, that only 
data with cores landing within the inner 529 stations are 
used in this analysis. 
The first stage of processing consisted of applying tim-
ing and gain calibrations to the raw data, thereby deter-
mining the number of charged particles crossing each 
counter and the shower front timing differences between 
adjacent CASA stations. In the second stage of process-
ing, about 20% of the showers were discarded; these were 
mostly small showers where there was not enough infor-
mation to determine even a crude arrival direction. 
For each coordinated universal (UTC) event time, 
based on redundant earth station (WWVB) and satellite 
(GOES) clocks, each with an absolute accuracy of better 
than 1 ms, the geocentric apparent positions of the center 
of the Moon and Sun are computed (all positions are 
computed at the epoch of the shower). These predicted 
positions result from Bessel's second-order interpolation 
of tabulated daily coordinates [11] and are generally ac-
curate to better than 0.010 in space angle. The geocentric 
direction of the Moon is transported to the topocentric 
direction at the CASA site, correcting the parallax intro-
duced by the Earth radius. 
This processing resulted in approximately 4.7 million 
events arriving within a 120 space angle of the center of 
the Moon or Sun. Some of these events were discarded 
for one or more of the following reasons: The timing cir-
cuitry in individual stations is nonlinear for time delays 
corresponding to showers arriving from very low alti-
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tudes. Rather than correcting this nonlinearity, we elimi-
nate events arriving from altitudes below 30·, affecting 
some 0.1 % of the events. Output from a faulty processor 
was discarded, eliminating 3.7% of the events. Nearby 
lightning storms damaged station circuitry in the eastern 
portion of the array and data from this period of time are 
eliminated, affecting 5.1 % of the events. Finally, 0.2% of 
the events do not contain enough data to provide a reli-
able shower size and are removed. We expect the deter-
mination of the shower arrival direction to suffer for 
showers with cores landing near or beyond the array 
boundary due to multiple scattering, low particle density, 
and curvature of the shower front. We therefore remove 
from the remaining 4.3 million events those with cores 
landing outside the square edge 15 m inside the boundary 
of the array. This core cut retains 2.8 million events. 
The event yields from this selection procedure are in 
agreement with yields expected from convolving the mea-
sured altitude distribution of showers, the altitude distri-
bution of the Moon and Sun, and the CASA live time. 
III. SHADOWING 
The deficit due to cosmic rays striking the Moon and 
Sun is apparent in Fig. 2, where we show the number of 
events in annuli of constant solid angle (with first bin r 
wide) centered on the (a) Moon and (b) Sun. There are no 
additional shower size cuts applied to these data. The 
shadowing appears as the deficit near D·. We then look at 
a region of the sky where there is nothing to shadow the 
cosmic rays: For each shower, we generate azimuth 
directions for these fake Moons and Suns by rotating the 
actual position of the Moon and Sun around the vertical 
axis by ±8· in space angle. Since the event yield of 
CASA is nearly uniform in azimuth, the fake objects pro-
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FIG. 2. The number of events in annuli of constant solid an-
gle (the bin at the far left is t· wide) centered on the (a) Moon, 
(b) Sun, (c) two fake Moons, and (d) two fake Suns. Shadowing 
is evident in (a) and (b) as a deficit at 0·. 
TABLE I. The number of signal and background events in 
the first angular bin from the center of the Moon and Sun. 
Number of Number of 
events in background Significance of 
first bin events first bin deficit 
Moon 2589 2819.4 4.3a 
Sun 1921 2076.2 3.4a 
vide internal estimates of the number of showers expected 
from near the direction of the Moon and Sun. The num-
ber of events near the fake objects is shown in Figs. 2(c) 
and 2(d). That no deficit appears for the fake objects 
demonstrates that the deficits in Figs. 2(a) and 2(b) are 
not an artifact. We use half the averaged bin contents 
from the fake-objects in Figs. 2(c) and 2(d) as an estimate 
of the background levels in Figs. 2(a) and 2(b). This num-
ber of background events, the number of events in the 
first bin of Figs. 2(a) and 2(b), and the significance of this 
first bin deficit according to the Li and Ma statistic [12] 
are shown in Table I. 
As suggested earlier, we expect the quality of the deter-
mination of the shower arrival direction to improve as 
the shower size increases. To test this assumption, we ap-
ply a shower size cut, retaining those events with 
10glO(shower size) > 4.5. The shower size cut retains 1.6 
million events. The deficit due to cosmic rays striking the 
Moon and Sun is shown in Fig. 3. Note that here the first 
bin is r wide, whereas the first bin in Fig. 2 is r wide. 
The resolution obtained for these large showers is visibly 
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FIG. 3. The number of events in annuli of constant solid an-
gle (the bin at the far left is t· wide) centered on the (a) Moon, 
(b) Sun, (c) two fake Moons, and (d) two fake Suns, for those 
showers surviving a minimum shower size cut. The dashed line 
is the expected number of events with angular resolution deter-
mined from the likelihood analysis and normalized from fake 
sources. 
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TABLE II. Same data as in Table I, but with a minimum 
shower size cut of loglQ(shower size) > 4.5. 
Number of Number of 
events in background Significance of 
first bin events first bin deficit 
Moon 195 244.0 3.1a 
Sun 184 213.8 2.0a 
better than that shown in Fig. 2. The background num-
ber of events near the fake objects is shown in Figs. 3(c) 
and 3(d). We give in Table II the number of background 
events, the number of events in the first bin of Figs. 3(a) 
and 3(b), and the significance of this first bin deficit. 
Although the Moon and Sun have similar angular size, 
Tables I and II and Figs. 2 and 3 show a difference in 
their shadowing. To explore the issue of whether this is a 
solar magnetic field effect, we generate two-dimensional 
images of the Moon and Sun shadows in ecliptic coordi-
nates as follows: For each shower satisfying the core cut, 
we compute ecliptic latitude differences (the ecliptic lati-
tude of shower minus latitude of real and fake objects) 
and ecliptic longitude differences (the ecliptic longitude 
of shower minus longitude of real and fake objects). In 
O. 1 ° X O. r bins, we accumulate separately for the Moon 
and Sun two-dimensional histograms of ecliptic latitude 
difference versus longitude difference, minus the mean 
from the corresponding fake objects. Each bin is aver-
aged with the ±0.4° X ±0.4° surrounding bins, suppress-
ing noise at spatial frequencies beyond our instrument 
resolution. The net deficit in two dimensions is shown as 
contour density plots in Fig. 4 for the Moon (left) and 
Sun (right). Contour lines are at - 30 showers/degree2 
intervals starting at - 60 showers/degree. 2 The Moon 
shadow is symmetric and centered at the position of the 
Moon; the Sun shadow is more irregular. 
IV. ANGULAR RESOLUTION 
The deficits shown in Fig. 3 are used to determine the 
angular resolution and a binning-independent estimate of 
the significance of the shadowing contribution from these 
objects. We use a likelihood method similar to that of 
Ref. [8], where, in anticipation of the good resolution ap-
D ~~I "'-- ! 
I (I 
~ 
-4 -2 -4 -2 
Latitude Difference (degrees) 
parent in Fig. 3, we replace the point object approxima-
tion for the Moon and Sun angular size by the extended 
object counterpart. We define the angular resolution a 63 
as the cone half angle containing 63% of signal showers. 
Owing to different conventions, the angular resolutions 
reported in this study, given the assumptions in our likeli-
hood function, should be divided by v2 for comparison 
with the resolutions reported in Ref. [8]. Similarly, since 
the resolutions reported in Ref. [9] are defined by the 
cone half angle containing 50% of signal showers, the 
resolutions reported in this study should be divided by 
1.2 for comparison. 
In constructing the likelihood function, we assume that 
for a given trial a 63' the number of events in an annulus 
centered on the Moon or Sun is the sum of contributions 
from a flat background in cose less a shadowing term, 
and is given by 
dN 
d case 
eo 21T r 1 21T l e'2 j j 
=1- rdrd<fJ---exp ---
Jr=o J1>=o 21T 21Ta 2 2a 2 ' 
where the integration is over the solid angle subtended by 
the shadowing object. In this expression, a = a 63 /v2, e' 
is the space angle between the solid angle element r dr d <fJ 
and the shower direction, e is the space angle between 
the center of the object and shower direction, and eo is 
the angular radius of the Moon or Sun, as appropriate, at 
the time of the shower. This distribution of events as-
sumes that the angular resolution is described by a sym-
metric two-dimensional Gaussian distribution. Up to a 
multiplicative constant, the probability to observe a 
shower at angle e (out to maximum opening angle 4°) is 
then 
J cos4'd cose 
-.c!L _ ~ -----:;:-;;:o;:;ro--'-'co""s"-o' _____ _ 
d cose d cose J cos4' (dN / d cose)d cose ' 
coso' 
where the denominator normalizes the probability for 
each trial a 63 according to the number of events in the 
range 0° to 4., and the numerator is a constant multiplica-
tive factor shifting the large e base line of the log likeli-
hood to zero. The results presented here are insensitive 
C> 
FIG. 4. The moon (left) and sun (right) 
deficit in two-dimensional ecliptic coordinates. 
The horizontal axis is the ecliptic latitude 
difference between the shower and object, 
the vertical axis is the longitudinal difference. 
Contour lines are at - 30 showers!degree2 in-
tervals starting at - 60 showers! degree 2• 
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to the exact value of the cone size up to about cos6°, 
where the constant background assumption begins to fail 
due to the steeply rising event yield with rising altitude. 
The log likelihood as a function of trial resolution 
formed from the probabilities for each shower arriving 
within 4° space angle of the Moon and Sun are shown in 
Figs. 5(a) and 5(b). The most likely trial a63 and the cor-
responding significance of the shadowing contribution in 
the likelihood is given in Table III (upper). The Moon 
has a 4.7a likelihood maximum at O. 77~g:l~o (consistent 
with a Cerenkov telescope study of angular resolution 
[2]), and the Sun has a 4.8a likelihood maximum at 
O. 89~g:r~0. The background likelihoods from fake ob-
jects, shown in Figs. 5(c) and 5(d), are consistent with no 
shadowing whatsoever. 
For those 1.5 million events failing the 15 m core cut, a 
similar likelihood analysis yields the most probable trial 
a63 and the significance of the shadowing term given in 
Table III (lower). The Moon has a 2.5a likelihood max-
imum at 1.29~g:~~0 and the Sun has a 2.3a likehood max-
imum at 1.25~gJ~0. 
We again consider those events surviving the 15 m core 
cut, where, in addition, events are grouped into shower 
size ranges 10g\O(shower size) < 4.2, 4.2 < 10g\O(shower 
size) < 4.5, and 4.5 < 10g\O(shower size). The likelihood 
analysis, applied separately to events in each of these 
three groups, yields the most probable trial resolution 
and significance of the shadowing term as given in Table 
IV. We also compute a X2 between data binned in Fig. 3 
(64 bins) and the predicted number of events from the an-
gular resolution of Table IV, with normalization from the 
corresponding fake objects. This goodness of fit measure 
is sensitive to deviations from the flat background as-
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FIG. 5. The log likelihood versus trial angular resolution for 
the (a) Moon, (b) Sun, and backgrounds from (c) two fake 
Moons, and (d) two fake Suns for those showers surviving a 15 
m core cut. 
TABLE III. The angular resolution and significance of the 
shadowing term for events surviving and failing a 15 m core cut. 
Events surviving core cut 
Moon 
Sun 














X2 is poor in the lower shower size range, and of marginal 
confidence in the intermediate shower size range. In the 
Moon sample, the X2 is of marginal confidence in the 
lower shower size range. This is not unexpected, for re-
call from the Introduction that solar and terrestrial mag-
netic fields cannot be entirely neglected (especially for 
cosmic rays with energy near the CASA threshold), and 
the CASA angular resolution is poor in the lower shower 
size range. At larger shower sizes (and thus at higher 
cosmic ray magnetic rigidity), the agreement between the 
form of the likelihood and the data is excellent. For ex-
ample, the dashed line in Fig. 3 is the number of events 
predicted from combining angular resolutions of Table 
IV with normalization from fake Moons and Suns. The 
analysis was repeated with a two-dimensional Gaussian 
resolution function in horizon coordinates, and did not 
result in any appreciable change in the resulting angular 
resolution. 
These likelihood studies use the exact expression for 
shadowing from an extended object. That the point ob-
ject approximation is not sufficiently accurate is illustrat-
ed in the following: We repeat the likelihood analysis on 
events in the largest shower size range, with the shadow-
ing term in the likelihood replaced by the point approxi-
mation. This increased the most likely angular resolution 
TABLE IV. The angular resolution and significance of the 
shadowing term in three ranges of shower size. The X2 between 
data binned in Fig. 3 and the predicted number of events from 
the angular resolution of this table with normalization from the 
corresponding background data. There is a 15 m core cut ap-
plied to these data. 
log!O(shower size) < 4.2 
Moon 
Sun 
4.2 < 10g\O(shower size) < 4.5 
Moon 
Sun 
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FIG. 6. The log likelihood versus trial angular radius of the 
Moon for those showers surviving a 15 m core cut and 
4.5 < 10g\O(shower size). The 67% confidence interval of angular 
radii is indicated. The three arrows mark the average Moon an-
gular radius, and angular radius at its apogee and perigee. 
by almost 25%, demonstrating the importance of the 
finite sizes of the Moon and Sun in the likelihood. For 
events near the Moon in the largest shower size range, we 
fix in the likelihood the angular resolution at the value 
from Table IV, and treat the angular radius of the Moon 
as the trial variable. The log likelihood versus trial Moon 
angular radius is shown in Fig. 6. The 67% confidence 
interval of angular radii is indicated. The three arrows 
mark the average Moon angular radius, and angular ra-
dius at its apogee and perigee. The angular radius of the 
Moon measured thus by CASA is 0.25±0.02°, consistent 
with its known average angular radius of 0.26° over the 
period of time when these data were taken. 
V. CONCLUSIONS 
We have seen the shadows of the Moon and Sun using 
cosmic rays with energies upwards of 100 TeV. The 
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